Introduction
Conventional two-dimensional intracoronary ultrasound enables the extent, distribution, and therapy of atherosclerotic plaques to be studied as it provides a unique tomographic visualization of both the vascular lumen and wall 1 '" 71 . The most important limitation of two-dimensional intracoronary ultrasound in pre/poststudies is the matching of the target sites for serial measurement. This problem is caused by the lack of a third dimension in conventional intracoronary ultrasound examinations. Three-dimensional reconstruction of intracoronary ultrasound images' 8 
"
101 permits a more advanced assessment of vessel, lumen and plaque morphology.
Measurement of the plaque area in an entire coronary segment may provide more detail of the complex plaque architecture and avoids the difficult mental conceptualization process 1 "" 15 ' . Moreover, during online three-dimensional reconstruction ( Fig. 1 ) measurements of the target lesion and the reference segments may be accessed immediately in a reconstructed longitudinal view. This may facilitate selecting the best type and sized interventional device or the evaluation of complications, as the relevant coronary segments can be
Basic processing steps
The basic processing steps to obtain a three-dimensional reconstruction from the two-dimensional intracoronary ultrasound images are similar for all systems currently available.
Image acquisition
The better the two-dimensional intracoronary ultrasound images the better the three-dimensional reconstructions. Thus machine settings must be optimized before image acquisition is performed. Starting distal to the stenosis, the imaging catheter is withdrawn through the arterial segment to be reconstructed. The imaging core of sheath-based intracoronary ultrasound catheters, which are designed for repeated pull-backs and most frequently used with three-dimensional intracoronary ultrasound, does not have direct contact with the vessel wall. Such catheters are equipped with a 15 cm long transparent distal sheath which houses the transducer. There are two catheter designs: a 3-2F short monorail and a 2-9F common distal lumen catheter. The 2-9F design has a common distal lumen that houses the guide wire (during catheter introduction) or the transducer (during imaging when the guide wire has been pulled back) alternately. These intracoronary ultrasound catheter designs stabilize the transducer pull-back trajectory and reduce the risk of a non-uniform speed in continuous pull-backs, but Review 1057 during the first 5 to 10 s of a continuous pull-back there may be straightening of the imaging core inside the catheter before a constant withdrawal speed is attained.
There are different pull-back approaches which can be applied. A continuous-speed pull-back resulting in an equidistant spacing of adjacent images'
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, is still the most common approach. Side-branches or spots of calcium are used as topographic landmarks to ensure a reliable comparison of the same arterial segment in serial studies. A modified concept of the continuous-speed pull-back is ECG-triggered video labelling during uniform pull-back of the intracoronary ultrasound transducer. Video frames coinciding with the R-wave of the ECG are automatically labelled and images acquired at the same phase of the cardiac cycle are used for off-line three-dimensional reconstruction. This approach displays the arterial segment and enables the vascular dimensions to be measured at any time during the cardiac cycle. It also minimizes the systolic-diastolic artifacts which are frequently observed in non-triggered uniform-speed pull-backs (Fig. 2) .
By using an ECG-triggered pull-back device in combination with an ECG-gated image acquisition' 231 , the problem of cyclic motion artifacts can be overcome' 24 -251 . A dynamic three-dimensional reconstruction system, initially designed for three-dimensional reconstruction of echocardiographic images (Echoscan, TomTec, Munich, Germany)' 231 , can dynamically display the arterial segment, showing the motion of an entire cardiac cycle. Before image acquisition starts, the upper and lower limits of the RR interval are defined.
A maximum number of 25 intracoronary ultrasound images per cardiac cycle can be sampled if the length of the RR interval meets the pre-set range (Fig. 3) .
Image digitization and segmentation
Digitization of the intracoronary ultrasound images can be performed on-or off-line by sampling the video frames with a framegrabber at a defined digitization frame rate. The segmentation step identifying structures of interest in the intracoronary ultrasound images can be achieved by applying dedicated algorithms, which discriminate between the blood-pool inside the lumen and structures of the vessel wall'
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. The quality of the final three-dimensional reconstruction and the accuracy of the quantitative analysis are highly influenced by the quality of the segmentation algorithm. In addition to the threshold approaches (Fig. 4) The acoustic quantification method (Fig. 5 ) distinguishes between the blood pool and vessel wall using an algorithm for statistical pattern recognition (EchoQuant, INDEC, CA, U.S.A.). Comparing the ultrasound speckle pattern of flowing blood to the pattern of the vessel wall, there is much more variation in time in blood' 301 . The algorithm is able to distinguish between these two patterns and to detect the interface between blood and vessel wall. Finally, pixels (picture elements) identified as part of the blood pool are removed. Another approach is a contour detection system ( 
Image reconstruction and display
Different display formats can be used to present the three-dimensional image data sets. The most commonly generated is the longitudinal format ( Fig. 1) . A cylindrical format (Fig. 7) . and a lumen cast format are also sometimes used. General programs for three-dimensional presentation can display oblique and tangential cuts through the reconstructed structures, comparable to the display options available in magnetic resonance imaging systems. A dynamic visualization of the artery after ECG-gated image acquisition is also possible' 24 '.
Current three-dimensional reconstruction systems
Different systems are available. Each has a distinct technical approach with specific advantages and disadvantages in applicability, imaging, and quantification.
The following systems are used at the Washington Hospital Center and/or the Thoraxcenter Rotterdam.
Acoustic quantification system
This system (EchoQuant), recently validated in rabbit aortas' 271 , can be used either on-or off-line, and it samples intracoronary ultrasound images with a digitization frame rate of 8-5 frames . s ~'. The length of the reconstructed coronary segment is determined by the pull-back speed since the image acquisition and digitization rates are fixed. Using a pull-back speed of 1 0 mm . s ~' images of 8 cm long segments can be acquired. Segmentation and reconstruction of a vascular segment 3 cm long can be performed within 3 min. The quality of the automated detection can be checked and manually corrected in individual cross-sectional images. No geometric assumptions of the lumen shape are required; and the program may therefore provide accurate segmentation of an irregularly shaped lumen. However, application of the algorithm may be hampered by the quality of the basic intracoronary ultrasound images' 27 ' 331 . Some parameters determining the automated identification process can be adjusted by the user; this is particularly important when the intracoronary ultrasound image quality is not optimal. Since the reconstruction is performed within a few minutes, it can be used in the catheterization laboratory' 2 ' 1 .
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Step RR interval = 1OOO ms ± 100 ms Respiration gating = OFF Figure 3 The combined use of an ECG-gated pull-back device and image acquisition by the dynamic three-dimensional reconstruction system (Echoscan, TomTec, Munich, Germany) allows the problem of cyclic artifacts to be overcome and a dynamic visualization obtained. The range of the RR interval is defined (here: 1000 ± 100 ms) before the image acquisition starts. During the pull-back procedure, the maximum number of 25 intracoronary ultrasound images per cardiac cycle for each scanning site is digitized and sampled in the computer memory, unless the length of the RR interval fails to meet the pre-set range (here: third cardiac cycle). Each time a cycle is stored, the following heart beat is required to perform a pull-back step in order to reach the adjacent scanning site. (Reproduced with permission' 24 '.)
A selected cross-sectional image, a longitudinally reconstructed image (Fig. 1) , and a cylindrical threedimensional view (presenting the segment opened longitudinally) (Fig. 5) are displayed on the monitor. The measurements of the automated cross-sectional luminal area are displayed in a diagram. Although the algorithm is unable to detect the external contour of the total vessel, the current version of this program provides an option which allows manual tracing of the external contour of the vessel in selected two-dimensional images.
Thoraxcenter contour detection system
This analysis system digitizes a user-defined region of interest with a maximum of 200 tomographic images. Segments of approximately 2-5 cm (uniform pull-back) or 4 cm long (ECG-gated pull-back) can reliably be analysed. The method depends less on the image quality since it operates interactively. Reliable segmentation and three-dimensional reconstruction remain possible even when the image quality is not optimal. However, user interaction is required in the presence of irregular lumen shapes. On-line application of this system has recently been started using ECG-gated image acquisition.
The contour detection procedure (Fig. 6) ; and two perpendicular cut planes running parallel to the longitudinal axis of the vessel are selected. Data located at the interception of these cut planes and the voxel volume are derived to reconstruct two longitudinal images of the vascular segment. The angle and location of the cut planes is defined by the user in order to optimize the representation of the arterial segment on the longitudinal sections.
In a second step, the contours of the luminal and external vascular boundaries (external elastic lamina) are detected in the longitudinal images. This step is based on the application of a minimum cost algorithm 1351 , which has previously been validated' 361 and applied in twodimensional intracoronary ultrasound images' 37 '. The user is free to add markers, forcing the contours to pass through these sites. The optimal path of the longitudinal contours is updated serially, using dynamic programming techniques. The contours of the longitudinal images are then depicted as points in each cross-sectional image.
Finally, automated contour detection is performed in all the cross-sectional images, using the four edge points, derived from the longitudinal contours, as landmarks to guide the detection. The accuracy of the final contours can be checked and corrections may be performed. The system permits the quantitative analysis and mean diameter measurements of the total vessel, lumen, and plaque are displayed in diagrams (Fig. 9 ). These diagrams also show diameter-stenosis, areaobstruction, and lumen symmetry functions 1 ' 314281 .
Dynamic reconstruction system
The three-dimensional reconstruction tool installed in each Echoscan system (TomTec) uses a segmentation which is based on the definition of thresholds in the scale of gray levels. The applicability of this algorithm depends upon image quality. However, in instances with optimal two-dimensional image quality, remarkable dynamic reconstructions can be obtained (Fig. 10) . As the ECG-gated three-dimensional reconstruction of a coronary segment requires sampling and processing of a large amount of data, the time of analysis is still slightly longer than for a conventional analysis. Using volume rendering techniques, the dynamic reconstruction system allows dynamic visualization of the reconstructed segment' 241 with a maximum of 25 frames per cardiac cycle. The reconstruction of various transverse and longitudinal sections is possible. The longitudinal reconstruction of a coronary artery segment is readily available in the cardiac catheterization laboratory and similar to computer tomography or magnetic resonance imaging, these longitudinal sections can pass through the centre of the vessel or cut the vessel wall tangentially.
Meanwhile, a version of the contour-detectionbased analysis software of the Thoraxcenter, Rotterdam, has been customized for use with the Echoscan system' 25 ' 291 . The software package is available for users of Echoscan systems. 
Challenges and future directions
Several factors, including problems related specifically to intracoronary ultrasound 139 ' 401 as well as general limitations of the three-dimensional reconstruction' 411 , influence the quality of the reconstruction. Both lumen and plaque volume measurements showed minimal short-term biological variability upon repeated pull-back of the same coronary artery segment' 421 . The quality of the basic intracoronary ultrasound image is crucial, as poor or incomplete visualization of the lumen-plaque and plaque-adventitia boundaries in the presence of calcification is a problem which hampers both reconstruction and quantification. Currently available intracoronary ultrasound transducers have a limited lateral resolution' 431 and image distortion by non-uniform rotation or non-coaxial positioning of the intracoronary ultrasound catheter in the lumen may create complex artifacts in threedimensional reconstructions' 411 . Moreover, motorized pull-back devices or displacement sensors cannot always assure an equal distance between adjacent images, as bends of the ultrasound catheter may induce a difference between the movement of the distal transducer and the proximal part of the intracoronary ultrasound catheter. The cyclic movement of the intracoronary ultrasound catheter and systolic-diastolic changes in vessel dimensions can originate typical saw tooth-shaped image artifacts (Fig. 2)' 41 ' 441 . ECG-gated image acquisition and pull-back have the potential to minimize these cyclic artifacts and to optimize image acquisition, allowing reliable volumetric measurement 125 ' 29 ' 45 '. However, compared to continuous pull-back, image acquisition by the ECG-gated approach requires a longer acquisition time which may cause problems in patients with very severe coronary stenoses.
Vessel curvatures with a radius of less than 5 cm may cause a significant distortion of the threedimensional reconstructed image 1461 . Over-estimation and under-estimation of certain portions of the plaque may be caused by vessel curvatures' 47 ' as a result of the curved pull-back trajectory of the intracoronary ultrasound transducer. The contour detection system demonstrates artificial curvatures caused by a localized eccentric plaque burden. Other three-dimensional reconstruction systems, as for instance the acoustic quantification system, straighten the display of the coronary segment artificially. The combined use of data obtained . Using ANGUS' 491 -a technical approach which has been developed at the Thoraxcenter Rotterdam -in a geometric vessel phantom of known dimensions, a high accuracy was observed; and first applications in humans yielded good results. In the meantime, our findings have been confirmed by another group using a similar approach 1501 . The use of new forward looking transducers' 511 may also help to overcome some of the current limitations but the value of this device is still limited by the low image resolution and the large dimensions of the ultrasound transducers.
Miniaturization of the imaging catheters and improvements in the computer technology will also help to increase future applications of three-dimensional intracoronary ultrasound, which has the potential to largely replace quantitative coronary angiography in the future (Fig. 12) 
Conclusion
Until recently, three-dimensional intracoronary ultrasound appeared to be restricted to pure research applications, but we feel that the method will gain further importance and become a routine technique, if the interest, effort and technical developments in the field are sustained. ) are also shown as a single line. The area stenosis at the site of the mid segment of the LAD was approximately 20%. According to the mechanism described by Glagov, an enlargement of the total vessel area, partly compensating the plaque burden, may be expected at the site of relatively focal plaque formation. In this case, however, a paradoxical reduction of the total vessel area, from the distal reference in the mid LAD (MID) to the target stenosis in the proximal segment (PROX) was observed. (Reproduced with permission 1 '.)
